Methyl tert-butyl ether (MTBE) is the oxygenated gasoline additive most widely used in the U.S. to reduce the CO emission from motor vehicles. We developed a method using a high-temperature purge-and-trap procedure coupled with capillary gas chromatography-mass selective detection to determine MTBE and its metabolite, tert-butyl alcohol (TBA), in human urine. Several spiked-urine tests were conducted at different purging temperatures (25, 55, and 90~ The results indicated that the purging temperature affects the recovery of TBA from urine more than the recovery of MTBE. The mean recoveries of MTBE and TBA in the urine samples by the high temperature (90~ purge-andtrap gas chromatography-mass spectrometry method at different spike levels were 96.5 • 4.7% and 98.4 • 5.7%, respectively. The method was used to evaluate the urinary levels in a single subject exposed through inhalation to 1 ppm MTBE for 10 rain in a controlled-environment facility. Increases in MTBE and TBA urinary excretion rates were clearly evident following the exposure to MTBE. Approximately 0.9% of the amount of MTBE inhaled was excreted unchanged as urinary MTBE, and 2.4% was excreted as urinary TBA within 10 h after exposure. The method developed is a simple, effective, sensitive, and reproducible procedure for evaluating human exposure to MTBE.
Introduction
The 1990 amendments to the Clean Air Act (CAA) have required regions in the U.S. that are in noncompliance with National Ambient Air Quality Standards (NAAQS) for CO to use oxygenated fuels during the winter months. This currently in-* Author to whom correspondence should be addressed. cludes39 metropolitan areas encompassing 83 million people (1) . Methyl tertiary butyl ether (MTBE) is the most widely used oxygenated additive in this program. Gasoline that contains 15% MTBE by volume meets the CAA requirement of 2.7% oxygen content by mass of the fuel for CO noncontainment areas (2) . Because of the increasing and widespread use of MTBE and suspected health effects in subgroups of the population, it is important to develop appropriate biologicalmarker monitoring methods to evaluate MTBE and its metabolites in humans. MTBE is metabolized to tertiary butyl alcohol (TBA) by liver microsomes from rats (3) . Male Wistar rats exposed to 50-300 ppm MTBE vapor showed a dose-response relationship for blood MTBE and TBA concentrations after 2 weeks of exposure (6 h daily, 5 days a week) (4) . Human blood MTBE and TBA levels were measured during the oxygenated fuel program in Fairbanks, Alaska (5) and Stamford, Connecticut (6) . Toxicokinetics of MTBE have been studied using breath, blood, and urine MTBE and TBA concentration changes in humans and animals (7) (8) (9) (10) (11) .
Urine monitoring is a common method for assessing human exposure to compounds. The advantages of urine monitoring include the noninvasiveness of the technique and the ease of collecting large amounts of sample (12) . Urinary analysis is amenable for biomarkers that are hydrophilic compounds such as TBA. Several analytical methods can be used to separate and concentrate the MTBE and TBA from urine, including liquid-liquid extraction and purge-and-trap methods. Purgeand-trap detects lower MTBEfI'BA levels than liquid-liquid extraction because the entire amount of MTBE and TBA in the urine is transferred to the gas chromatograph (GC) for a single analysis when the purge-and-trap recoveries are sufficiently high, whereas only a small percentage of the extracted amount is injected following liquid-liquid extraction. Measurement of MTBE and TBA in human blood and urine by purge-and-trap gas chromatography-mass spectrometry (GC-MS) using an isotope-dilution method has been developed (13) . However, the recovery was low and variable, which was compensated by the use of isotopically labeled internal standards and high resolution GC-MS, which are not common to many laboratories.
Purging is a process for transferring volatile organic chemicals (VOCs) from liquids. Many factors can affect the purging efficiency of volatile compounds from an aqueous sample, including Henry's law constant of the VOC, purging time, air-toliquid ratio, turbulence, ionic strength of the solution, concentration difference between liquid and gas phases, and purging temperature. For hydrophobic VOCs, high transfer efficiencies are easily achieved at room temperature and relatively short purging times. For hydrophilic organic compounds, hydrogen bonds can form in water, which reduces the purging efficiency. This is true for TBA. Purging efficiency increases as temperature increases because of the mass-transfer coefficient temperature dependence. Therefore, increasing purging temperature should increase the removal efficiency of TBA from urine. Unfortunately, high-temperature purging of urine also causes increased water vapor levels in the stripping gas. High water vapor can affect the adsorption efficiencies of VOCs because of water condensation in the trap, which can interfere in the GC detection of eluting compounds. This study describes a method for determining MTBE and TBA using purge-and-trap GC-MS at high temperatures by placing a condensation trap between the purge and the adsorbent trap.
Experimental

Materials
High-purity MTBE (HPLC grade, EM Science, Gibbstown, N J) and TBA (99.5%, ACROS Organic, Pittsburgh, PA) were used without further purification. Urine samples were collected in 450-mL multi-purpose plastic containers, transferred into glass vials that were sealed with TEL-faced silicon septa, and stored at 4~ until analysis. A urine sample (10 mL) was transferred from the vial to a glass bubbling tube by using a Fisher (Springfield, N J) 10-mL glass syringe. One drop of antifoam solution (Antifoam 1510-US, DOW Coming | Midland, MI) was added to the 10-mL urine sample to prevent foaming during purging.
External standards
MTBE and TBA external standards (0.74 ng/l~L and 0.79 ng/lJL, respectively) were prepared by injecting 2 pL of each compound into a 2-L static-dilution glass bottle that was washed using zero-grade nitrogen and heated to 60~ The calibration standards were made by injecting different volumes of the external standard into a heated gas transfer line connected to an adsorbent trap. The system consisted of 125-mL glass gas-sampling bulb (Supelco, Bellefonte, PA) maintained between 220 and 250~ through which high-purity nitrogen gas flowed at a rate of I50 mL/min. The standards were transferred to the sampling trap over 5 min. The sampling traps spiked with external standards were analyzed using the same method as the samples. Linear regression fits of the MTBE and TBA external standards were calculated from a minimum of five different concentrations with an acceptance criteria of fi > 0.995.
Instrumental Analysis
Purge-and-trap system. The purge-and-trap system developed is shown in Figure 1 . A purging chamber of 40-mL glass bubbling tube (Wheaton, Millville, NJ) was immersed in a water bath, the temperature of which could be thermostatically maintained at set temperatures. An air-washing bottle within an ice bath followed the purging chamber to reduce the humidity levels in the exiting purge gas while it was heated. The urine sample was purged with zero-grade helium at 140 mUmin for 15 rain. The organic compounds were adsorbed on a trap that contained 0.6 g Carboxen 569 | (Supelco).
Thermal desorption system. The adsorbed VOCs were transferred to the GC using an automated thermal desorption system (model ATD-400, Perkin-Elmer). The thermal desorption conditions included heating the primary trap at 250~ for 10 min to transfer the VOCs to the secondary trap, which contained 0.2 mg of Tenax TA | (Alltech Associates, Deeffield, IL) held at -30~ followed by rapidly desorbing the secondary trap at 250~ which was held at elevated temperature for 1 min. The desorbed compounds were transferred to a GC column via a heated (220~ fused-silica capillary transfer line.
GC-MS. The chromatographic separation of the VOCs was performed on a capillary 5890 GC (Hewlett-Packard) and a J&W Scientific DB-5 capillary column (60 m x 0.25-mm i.d., 1-lain film thickness). The VOCs were detected and quantitated using an HP-5970 mass selective detector (MSD). The GC-MS parameters are given in Table I . The ions for MTBE and TBA identification were m/z 73 (secondary ion m/z 41) and 59 (secondary ion m/z 41), respectively. MTBE and TBA were quantitared using the target ion (MTBE 73, TBA 59) peak areas and the calibration curves. 
Controlled-environment facility (CEF).
The inhalation exposure was performed in a CEF (14) , which is a walk-in room with stainless steel walls and a volume of 25 m 3 (4.1 x 2.7 x 2.2 m). The temperature and humidity operation range are 12 to 27~ • 1~ and 10 to 80% • 2%, respectively. Temperature and relative humidity were set at 21~ and 30%, respectively, in this study. The air supply passed through a sequence of conditioning processes that included air cooling/heating, humidification/dehumidification, and filtration through carbon and HEPA filters. A constant concentration of MTBE is maintained by continuously evaporating a predetermined amount of MTBE in a heated vessel and transferring the vapors into the air supply. MTBE concentrations were monitored using adsorbent trap/GC-MSD, on-site GC-flame ionization detection (FID) (model 3700, Varian), and a total hydrocarbon analyzer (model 23-500, Gow-Mac Instrument). Institution Review Board approval for human exposures and informed consent of the subject were obtained.
Results and Discussion
Effect of purging temperature
The retention times for MTBE and TBA were approximately 11.5 and 10 min, respectively. No other compounds purged from the urine samples had the same retention time as that of MTBE or TBA. Figure 2 shows the GC-MS chromatogram of a 10-mL spiked urine sample (MTBE, 14.8 lag/L; TBA, 15.7 lag/L) analyzed using a purging temperature of 90~
The effect of purging temperature was evaluated at 25, 55, and 90~ MTBE and TBA were spiked into 10 mL of urine to obtain concentrations of 14.8 and 15.7 lag/L, respectively, and the urine was purged at 140 mLlmin with He for 15 min. Recoveries for each purging temperature are given in Table II . The higher purging temperature resulted in complete recoveries for both MTBE and TBA. More than 93% of the MTBE was recovered at a purging temperature of 55~ The results indicate that a higher purging temperature is required for the complete recovery of TBA from urine than is required for MTBE. Although TBA is hydrophilic and difficult to separate from urine, high recoveries of TBA (97%) were achieved at a purging temperature of 90~ High temperature purging results in the generation of large amounts of water vapor. The water vapor is retained on the adsorbent, causing subsequent condensation problems in the secondary Tenax cold trap and transfer lines of the thermal desorption unit. In order to reduce the amount of water vapor reaching the adsorbent trap, an air-washing bottle submerged in an ice bath was placed between the purge and the adsorbent trap, thereby eliminating the problems in the thermal desorption unit. The essentially complete recovery of MTBE and TBA at high purging temperature indicated that any losses of MTBE and TBA in the gas-washing tube were negligible. A second benefit of the high-temperature purge-and-trap method is a reduction in the amount of time required to completely purge compounds from the urine. This is due to the increased mass-transfer flux from the liquid phase (urine) to the gas phase (helium) at the elevated temperature. The rate of transfer of MTBE and TBA from urine into the gaseous phase can be expressed as a modification of Fick's law: * <DL= lower than detection limits. The detections limit in urine (10 mL) is 0.05 gg/L for MTI3E and 0,1 gg/L for TBA. The background levels of unspiked urine samples were determined using same method as that of the spiked samples.
M= KLxAx(C*-C) Eq 1 where M = rates of the transfer amount, pg/L-min; KL = the overall liquid mass-transfer coefficient, cm/s; A = effective mass-transfer area per unit volume, cm2/cm3; C* = equilibrium (with gas) concentration of MTBE/TBA in urine, pg/L; C = concentration of MTBEfrBA in urine, pg/L. KL is a function of many parameters, including Henry's law constant, solubility, diffusion coefficient, characteristics of purging device, temperature, etc. Usually, an increase in the purging temperature causes an increase in KL. In addition, the mass-transfer driving force (C* -C) can be increased, up to a point, by increasing the air-toliquid ratio (15) . Therefore, higher purging 6.4 temperatures and higher purge flow rates can im-4.3 prove MTBE and TBA removal efficiencies from 3.5 urine because of the increase in K[. and (C* -C).
6.4 5.1
However, in our high-temperature purge-and-trap 5. 6 system, purge flow rates greater than 150 mL/min 5.7 resulted in the urine foaming and loss of sample. Therefore, a purging flow rate of 140 mL/min was used. At this flow rate, a purging duration of 15 min was sufficiently long to achieve high recovery. 
Recovery and reproducibility
Recovery and reproducibility of the hightemperature purge-and-trap method was evaluated using a series of different MTBE/TBA spiked concentrations (Table  III) . Recoveries were all within one standard deviation of 100% with the standard error of five replicate analyses being < 7%. The lowest concentration spiked samples had a slightly larger standard deviation (6.4%) than the higher concentrations. The mean recoveries of MTBE and TBA at different spike levels were 96.5 • 4.7% and 98.4 • 5.7%, respectively. The TBA recovery results show that the hightemperature purge-and-trap method could achieve high TBA recovery, even though TBA is very hydrophilic and very difficult to separate from urine.
The minimum detection limits in a 10-mL urine sample for this method for MTBE and TBA were 0.05 and 0.1 IJg/L, respectively. A single void is typically more than 50 mL; thus, increased sensitivity can be obtained by purging a larger volume of urine than 10 mL. Such procedures could be used in populations with low urinary MTBE and TBA concentrations.
Method evaluation at environmentally relevant exposures
The described method was used to evaluate the urinary levels in a single male subject (70 kg) exposed through inhalation to 1 ppm MTBE for 10 min in a CEF. The high recovery and sensitivity of the developed method enabled the examination of the trends of MTBE and TBA excretion rates during the pre-and postexposure time periods (Figure 3) . The MTBE urinary excretion rates were very low before the exposure with somewhat higher TBA excretion rates. These background excretion rates are consistent with the rapid metabolism of MTBE to TBA, a slower clearance of TBA, and low background environmental MTBE exposures to the subject. Following the controlled exposure, an immediate increase in MTBE excretion was observed with a lag in the TBA excretion rate, which is also consistent with the toxicokinetic pattern of MTBE metabolism (16) . MTBE declined to background levels around eight hours after exposure. The TBA urinary excretion rate built up gradually and reached the highest value around eight hours after exposure. Using an estimated alveolar breathing rate of the subject of 7 L/min and the relative uptake rate of MTBE through inhalation of 40% (7), the inhalation dose to the subject was estimated to be 100 ~g. The accumulated amounts (within 10 h of exposure) of MTBE and TBA excreted in the urine were 0.9 and 2.4 IJg, respectively, which represented 0.9% and 2.4% of the absorbed dose, respectively. These results are slightly higher than were observed in a study conducted at higher exposure levels of 5, 25, and 50 ppm for 2 h (7), which found 0.1% of the inhaled MTBE was excreted unchanged in urine and less than 1% was excreted as TBA in urine within 24 h. Because of the long accumulation time of TBA, more than 12 h of urine analysis following MTBE exposure is needed to completely evaluate urinary TBA excretion.
In conclusion, the presented method is a highly sensitive, reproducible method for measuring urinary MTBE and TBA using commonly available GC-MS instrumentation. This method is currently being adapted for MTBE and TBA analysis in water and blood samples.
